and is presented in Figure 1a . 
(a) NMR structure of DREAM monomer with highlighted hydrophobic residues (gray mesh) and charged residues (red mesh) (Protein Data Bank entry 2JUL). 7 The four EF-hands of DREAM are colored green (EF-hand 1), orange (EF-hand 2), blue (EF-hand 3), and red (EF-hand 4). Calcium is shown as an orange sphere. (b) Coordination geometry of calcium bound to EF-hand 3 (left) and EF-hand 4 (right). Residues involved in coordination of Ca 2+ are shown as a licorice model. EF-hand 3 shows a clear pentagonal bipyramidal coordination, whereas EF-hand 4 is distorted. (c) Geometry and consensus sequence of EF-hand binding loops as well as sequence homology between neuronal calcium sensors and calmodulin at the metal binding loops. . The resulting spectra were normalized by 158 dividing the intensity at each wavelength by the background 159 value at 530 nm, and the resulting titration plots were fitted 160 using a noncooperative n-site quadratic equation that assumes a 161 similar affinity for all the sites. 20 All spectra were corrected for 162 the PMT wavelength-dependent response as well as the lamp 163 wavelength-dependent changes in intensity. The intrinsic 164 fluorescence lifetime of DREAM was measured by exciting 165 the sample with the modulated light of a 280 nm diode, and the 166 fluorescence collected through a 320 nm long pass filter with 167 2,5-diphenyloxazole (PPO) in ethanol (τ = 1.40 ns) used a 168 lifetime reference.
169
Circular dichroism measurements were conducted in a Jasco 170 J-815 CD spectrometer along the 1 mm path of a quartz cuvette 171 (model J-815, Jasco, Easton, MD). Luminescence measure-172 ments were conducted on a home-built instrument where the 173 sample was placed in a 2 mm × 10 mm quartz cuvette in a 174 temperature-controlled sample holder (Quantum Northwest, 175 Liberty Lake, WA) and excited along the 10 mm path. The 355 176 nm line of a Nd:YAG laser (Minilite II Continuum, San Jose, 177 CA) was used to directly excite Tb 3+ ions, while the 178 luminescence was measured perpendicularly through a 550 ± 179 10 nm band-pass filter and detected by a H7360-01 PMT 180 (Hamamatsu). The signal was digitized by a 400 MHz 181 oscilloscope (WaveSurfer 42Xs, Teledyne Lecroy), and the 182 initial 100 μs of each trace was deleted to eliminate the 183 contribution from scattered light and PMT recovery time. The 184 fluorescence modulation-phase plots and luminescence decay 185 traces were fit using Globals for spectroscopy software (LFD, 186 Irvine, CA). (Figure 2a,b) . 275 The slightly lower tyrosine fluorescence of CaM in the presence 276 -induced 312 tryptophan fluorescence change, as the DREAM(Δ64) 313 construct (data not shown). On the other hand, the efficiency 314 of energy transfer in the DREAM(Y174A) mutant is decreased 315 by ∼60%, judging from the decreased sensitized emission at 316 545 nm ( Figure 3a) . The excitation spectra of this construct 317 also show a 5 nm blue shift to 275 nm with a fwhm of 38 nm 318 and a 295 nm/280 nm ratio of 0.41. The decrease in the 319 sensitized emission and the blue shift of the excitation spectra 320 support the role of Y174 as an energy donor, while the identical 321 295 nm/280 nm ratio for DREAM (Δ64) experiments below). Therefore, the data shown in Figure 3d 372 highlight the fact that binding of Mg 2+ to EF-hand 2 induces , with dissociation constants of 381 5.8 ± 1.9 μM for DREAM(E186Q) and 2.7 ± 0.4 μM for 382 DREAM(E234Q). This increase in apparent affinity is likely 383 As shown in Figure 4b , the CD spectrum of metal-free a Values in parentheses represent the fraction intensity and fractional depolarization. τ 1 is the mean decay time of the Gaussian distribution with a width of distribution w 1 . The lifetime of the discrete single-exponential term is denoted as τ 2 . The average lifetime, ⟨τ⟩, was calculated using eqs 1 and 2 of the Supporting Information. α 1 and α 2 are normalized pre-exponential decay fractions and f 1 and f 2 exponential decay fractions. . Decay data were modeled as a Gaussian distribution and a discrete decay (parameters listed in Table 1 8.9 ± 1.8 1.9 ± 0.2 1.4 ± 0.2 13 ± 1.5 47 ± 0.6 23 ± 7 2 0± 1.4 52 ± 0.6 28 ± 7 DREAM(Δ64) 22 ± 1.3 8.1 ± 1.6 2.8 ± 0.2 13 ± 9.0 18 ± 0.6 −2.5 ± 2.7 20 ± 9.1 24 ± 0.4 3.6 ± 2.7 DREAM(Δ64) with Mg 2+ 16 ± 2.5 11 ± 1.1 6.0 ± 0.5 12 ± 1.3 18 ± 6.0 3.4 ± 3.2 19 ± 1.3 25 ± 5.9 9.9 ± 3.1 DREAM (Δ160) 6.9 ± 3.2 8.9 ± 9.2 13 ± 1.7 8.2 ± 1.3 19 ± 1.5 15 ± 1.1 DREAM (Δ160) with Mg 2+ 6.8 ± 1.4
1.8 ± 0.6 11 ± 2.2 7.7 ± 2.4 17 ± 2.1 14 ± 2.4 DREAM (E186Q) with Mg 2+ 14.0 ± 0.9 8.6 ± 1.3 8.8 ± 2.2 7.5 ± 1.2 15 ± 1.7 2.2 ± 2.6 14 ± 0.8 22 ± 1.8 9 ± 2.7 DREAM (E234Q) with Mg 2+ 5.7 ± 0.9 27 ± 1.5 16 ± 6.2 11 ± 1.9 3.6 ± 2.7 4.0 ± 1.3 18 ± 1.9 9.6 ± 2.5 11 ± 0.9
a All experiments were conducted in triplicate at 25°C; errors are standard deviations. Enthalpy and entropy changes shown in units of kilocalories per mole; association constants in units of inverse molar. . In this construct, the site with association 610 constant K 2 binds stronger, followed by K 3 and then K 1 sites. 611 However, the enthalpy for site K 2 on DREAM(E234Q) is 5-612 fold lower than those obtained for K 2 on DREAM(Δ64). The 613 sites with a K 3 association constant show an enthalpy and an 614 entropy identical to those of the site corresponding to K 3 on 615 DREAM(Δ64). In fact, the enthalpy and entropy for sites K 2 616 and K 3 are much closer to those obtained for binding of Tb 3+ to 617 EF-hand 2 of DREAM (Δ64) in water and increases the fractional intensity of the long :DREAM stoichiometric ratios. Solid lines represent the best fit using Globals software analysis, and recovered parameters listed in Table 3 (Table 3 ). The luminescence 668 decay of Tb 3+ was not significantly affected by LDAO, a 669 detergent that has been proposed to stabilize DREAM in a 670 single conformation. 12 Titration of Tb 3+ into DREAM(Δ64) in 671 the presence of 100 mM NaCl and 10 mM LDAO shows that 672 the fractional intensity of the τ 2 lifetime increases in a dose-673 dependent manner and saturates at a stoichiometric ratio of 2:1, 674 whereas the fractional intensity of τ 1 decreases (Figure 6b,c) . 675 Additional measurements of the luminescence decay of the 676 DREAM construct with inactivated EF-hands show similar 677 bimodal exponential decays. One of the most salient 678 observations is that the decay lifetime of DREAM(E234Q) is 679 significantly shorter [τ 2 = 1.75 ms (27%)] than that observed 680 for DREAM(E186Q) [τ 2 = 2.02 ms (46%)]. This indicates that 681 binding of Tb 3+ at EF-hand 4 induces a restructuring of the 682 coordination sphere similar to that induced when both EF-683 hands 3 and 4 are bound to Tb 3+ . On the other hand, the 684 structural arrangement of the binding loop at EF-hand 3 when 685 Tb 3+ is bound at this site is significantly different, with a much 686 more solvent-exposed Tb 3+ ion. However, it could also be 687 possible that these two lifetimes cannot be separately resolved 688 in the DREAM(Δ64) decays. The lifetime of Tb 3+ bound at the 689 solvent-exposed site is identical on both constructs, with τ 1 690 being 0.62 ms (50%) for DREAM(E186Q) and τ 1 being 0.63 691 ms (27%) for DREAM(E234Q), but faster than that observed 692 for the fully active proteins. Interestingly, in the presence of 5 693 mM Mg 2+ , a decrease in the decay lifetimes and an increase in 694 the intensity contribution of the long-lived decay are observed 695 for all constructs, except for DREAM(E234Q). The observed 696 changes are largest for DREAM(E186Q) where a decrease of 697 0.44 ms in τ 2 is also accompanied by a 15% increase in the 698 contribution of this decay component. The decay lifetimes, τ 1 = 699 0.74 ms for DREAM(Δ64) and τ 1 = 0.63 ms for DREAM- using a TIMS−MS analyzer (see Table 4 ). The mass spectrum c The protein concentration for these experiments was 10 μM in the presence of (a) 100 mM NaCl, (b) 100 mM NaCl and 10 mM LDAO, or (c) 100 mM NaCl, 10 mM LDAO, and 31 μM NS5806. 
